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Abstract: A water-based lubricant using graphene oxide/alumina (GO-Al2O3) nanoparticles as additives
was synthesized, and its tribological characteristics were systematically investigated using a block-on-ring
testing protocol. The results showed that GO-Al2O3 lubricants lowered friction and wear considerably and
decreased worn surface roughness, with its respective reductions being 63%, 48%, and 47% compared with
the baseline water and pure Al2O3 and GO solutions. Worn surface analysis revealed that during friction
testing the lubricants formed a film that consists of a layer of GO and a tribo-layer of Al2O3. The GO layer
prevented the surface asperities of block and ring from direct contact, leading to low resistance to sliding.
The Al2O3 tribo-layer acted as a load bearer to strengthen the GO layer and improved its load-bearing
capacity.
Keywords: Graphene oxide, Alumina, Nanoparticles, Water-based lubricant, Synergistic effect, Sliding
wear
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1. Introduction
Carbon-based nanosheets including graphite, graphene, and graphene oxide (GO) have attracted great
attention as solid lubricants and additives in oils, owing to their excellent tribological properties [1-9].
Previous studies [7-11] have demonstrated that the addition of graphene or GO nanosheets into baseline
oils could improve the frictional wear considerably due to their weakly stacked layered morphology and
crystal structure. Nevertheless, recent studies [12-14] also suggested that those nanosheets were easy to
restack in the matrix liquid, thus limiting the friction-reduction and anti-wear effects, and spacers were
needed among nanosheets to maintain their properties.
Inorganic nanoparticles have gained increasingly more attention because of their excellent properties as
additives in the extreme pressure and anti-wear applications [15-18]. Al2O3 nanoparticles with diameters
of between 1 and 100 nm could be dispersed into base oils, presenting good tribological performance owing
to the rolling and mending effects or the formation of a protective layer on the rubbing surface [19-22].
However, Al2O3 nanoparticles tend to be agglomerated because of their high surface-activity. The
agglomeration led not only to sedimentation but also to the failure of wear protection [15, 16]. Although
surfactants could alleviate agglomeration, they would also bring up issues like uncontrollability, pollution,
and high-cost [23, 24]. Thus, development of new technologies is required to enhance the dispersion of
Al2O3 nanoparticles.
One of the most effective approaches to improve dispersion is to decorate inorganic nanoparticles directly
on nanosheets without molecular linkers, which not only restrains the restacking of nanosheets but also
relieves the agglomeration of nanoparticles [25-27]. For instance, Li et al. [28] dispersed copper
nanoparticles on graphene nanosheets to form nanocomposites as additives in base oils. They found that by
adjusting the proportion of additives, copper nanoparticles could be well distributed on graphene
nanosheets to form stable graphene-based nanocomposite lubricants. More importantly, the lubricants not
only maintained the inherent properties of each component, but also showed synergistic friction-reducing
and anti-wear advantages. Similarly, the suspension with well-dispersed GO-Al2O3 nanoparticles would be
expected to achieve improved anti-friction and anti-wear performance. Nevertheless, till now few efforts
have been made to explore the synergistic lubrication performance of lubricants using GO-Al2O3
nanoparticles as additives.
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Also, traditional mineral oil-based lubricants have raised major environmental concerns owing to their
inherent toxicity and non-renewable and non-biodegradable natures [17, 23]. Recently, water-based
lubricants using nanoparticles as additives have drawn much academic and industrial attention because of
their low-cost, clean and environmentally friendly characteristics [29-32]. It is thus of importance to
understand how those nano-additives play a role in the water-based lubricants.

In this study, the friction and wear behaviours of a water-based lubricant that uses GO-Al2O3 nanoparticles
as additives were investigated using the block-on-ring tribological testing. Through analysing wear marks,
the synergistic lubrication performance and mechanism of the water-based GO-Al2O3 lubricant were
revealed.
2. Experimental details
2.1. Preparation and characterization of GO-Al2O3 lubricants
Graphene oxide (GO) nanosheets of ~ 10-50 μm in diameter and ~ 1-2 nm in thickness (supplied by
Hengqiu Graphene Technology CO. Ltd., China) and Al2O3 nanoparticles of 30 nm in diameter (supplied
by Yurui Chemical Co. Ltd., China) were used as additives. Deionized water was used as a base fluid. To
prepare GO-Al2O3 nanoparticles water-based lubricant, GO nanosheets and Al2O3 nanoparticles were
firstly dispersed under ultrasonication in deionized water of 100 grams at mass ratios of 0:0.06 (i.e. no GO),
0.02:0.06, 0.04:0.06, 0.06:0.06, 0.06:0.02, 0.06:0.04, and 0.06:0 (i.e. no Al2O3) for 15 minutes at ambient
temperature. The GO-Al2O3 mixtures were then mechanically stirred for 10 minutes and then deagglomerated using a 400 W high intensity ultrasonic sonifier (S-450, Branson, USA) for 10 minutes with
a 5-second on/off interval. During the ultrasonic agitation process, a circulated chilling water bath was used
to maintain suspension temperature. Morphologies of GO nanosheets, Al2O3 nanoparticles, and GO-Al2O3
nanoparticles were examined using a transmission electron microscopy (TEM, JEOL JEM-2100, Japan)
2.2. Block-on-ring tests
The tribological properties of the nanolubricants were evaluated using block-on-ring friction testing on a
tribometer (UMT-3, Bruker, USA), as shown in Fig. 1. The blocks used in the testes were made of AISI
304 stainless steel with an HB hardness of 150~160 and surface roughness of 25 nm in Ra. The rings were
made of AISI 52100 Cr alloy steel with a diameter of 34.98 mm, which were used as the lower counterpart
and driven by a motor to slide against the upper blocks. The tests were performed at normal loads of 10,
3

15, 20, 25, and 30 N with different sliding speeds of 100, 150, 200, 300, and 400 mm/s at room temperature.
The total sliding distance of 12 metres was kept the same for all the tests. It should be noted that only the
data acquisitioned in the last 7 meters in the test were used for determining the coefficient of friction (COF).
Prior to testing, the specimen holders and test-blocks/rings were dipped into acetone and cleaned in an
ultrasonic bath for 5 minutes. The block was replaced after each test to maintain the same experimental
context. Each test was repeated three times, and average values and standard deviations (error bars) were
given.
2.3. Worn surface analysis
After testing, the blocks were cleaned in an ultrasonic bath for 10 minutes to remove any loose debris. The
wear mark widths (WMWs) of the blocks were measured using a laser confocal microscope (LEXT
OLS4100, Olympus, Japan). The worn surfaces of the blocks were analysed using a scanning electron
microscopy (SEM, JEOL JSM-6610, Japan) equipped with energy dispersive X-ray spectroscopy (EDS)
and an inVia confocal Raman microscope (Renishaw plc., UK). A stylus profiler (DektakXT, Bruker, USA)
with a tip radius of 2 μm was employed to measure the worn surface roughness.
3. Results and discussion
3.1. Morphologies of nano-additives
The morphologies of the GO nanosheets, Al2O3 nanoparticles, and GO-Al2O3 nanoparticles are shown in
Fig. 2. The typical layered structure of GO nanosheets with wrinkles of ~ 10 nm in width can be observed
in Fig. 2(a). As shown in Fig. 2(b), the average diameter of Al2O3 nanoparticles is ~ 30 nm with a visible
aggregation. The size of the Al2O3 agglomerates in the TEM image varies from 80 to 300 nm. Fig. 2(c)
shows that near-spherical Al2O3 nanoparticles are sparsely distributed on GO nanosheets, and there exists
no apparent Al2O3 particle agglomeration. Our TEM examination also showed that the average width of the
wrinkles on the GO sheets was reduced from ~ 10 to ~ 3 nm when decorated Al2O3 particles. The results
indicate that such incorporation between the two dimensionally different materials not only helped to
relieve the aggregation of Al2O3 nanoparticles but also contributed to restraining the wrinkling of GO
nanosheets [12, 28].
3.2. Tribological characteristics of water-based lubricants
Fig. 3 shows the variation in coefficient of friction (COF), wear mark width (WMW), and surface roughness
using water, 0.06 wt.% Al2O3 suspension, 0.06 wt.% GO solution, and 0.06-0.06 wt.% GO-Al2O3 lubricant.
4

The sliding speed was maintained at 100 mm/second. For all the tested lubricants, the COF increases
gradually as the normal load increased from 10 to 20 N. A higher load could increase the contact pressure
and produce smaller micro-intervals between friction pairs, which would degrade the lubrication, and thus
increased the friction. However, the COF from the GO-Al2O3 lubricant is significantly smaller than those
achieved with the baseline water and the pure Al2O3 and GO solutions at all tested loads, indicating that the
anti-friction performance with GO-Al2O3 additives was improved. It is seen in Fig. 3(b) that the WMW
increases significantly with the increase in normal load for all tested lubricants due to the increased pressure
of contact [33]. The pure GO solution produces the lowest WMW, followed by the GO-Al2O3 lubricant.
The pure Al2O3 suspension produces slightly lower WMW in comparison with the baseline water. Fig. 3(c)
shows the effect of normal load on the roughness of the worn block surface. It is seen that the lowest surface
roughness is achieved with the GO-Al2O3 lubricant, with the reductions being 63%, 48%, and 47% in
comparison with the baseline water and the pure Al2O3 and GO solutions, respectively, indicating its
excellent performance in enhancing surface quality.
Fig. 4 shows the effect of sliding speed on the tribological performance and worn surface quality when
tested using water, pure Al2O3 and GO solutions and the GO-Al2O3 lubricant for a constant load of 20 N.
As shown in Fig. 4(a), the GO-Al2O3 lubricant produces the lowest COF for all the sliding speeds being
used, demonstrating the improved lubrication with the GO-Al2O3 additives. In Fig. 4(b), it is seen that the
increase in sliding speed leads to little variation in WMW for all the lubricants. The pure water and Al2O3
suspension produce much greater WMW than the two GO related lubricants. With the pure GO solution,
the lowest WMW is achieved at all tested sliding speed, which suggests that an effective GO lubricating
film might be formed on the interface. It is clearly shown in Fig. 4(c) that the increase in sliding speed
results in a better worn surface finish for all the lubricants used, and the GO-Al2O3 lubricant produces the
lowest surface roughness, which caused an averaged reduction in roughness of 64% using the baseline
water as a benchmark. The addition of GO-Al2O3 nanoparticles into water improved both the tribological
performance and surface quality considerably, further confirming their effective lubrication performance.
3.3. Effect mass ratio of GO to Al2O3
Fig. 5 shows the effect of mass ratio of GO to Al2O3 on the COF and WMW of the GO-Al2O3 lubricants.
The tests were performed under a normal load of 20 N and a sliding speed of 100 mm/s, and note that “0:0”
mass ratio in fact referred to the baseline water. The addition of Al2O3 or GO into water decreased the COF
and WMW, suggesting that the lubrication performance with nano-additives was considerably improved.
5

The improvement might be attributed to the effects of mending and third-body contact resulted from the
addition of Al2O3 [22], as well as the likely lamellar effect with GO nanosheets [34].
It is seen in Fig. 5(a) that the COF of the GO-Al2O3 lubricants is much lower than those of the baseline
water and the pure Al2O3 and GO solutions, and reaches the smallest value when the mass ratio is 1:1 with
the concentration of 0.12 wt.%. It is believed that the restacking of GO nanosheets and the agglomeration
of Al2O3 nanoparticles were suppressed by dispersing GO into Al2O3 suspensions, as indicated in Fig. 2(c).
Such an improvement in turn might allow more efficient penetration of the GO and Al2O3 nano-additives
into the rubbing interface, thus further promoted a synergistic lubricating effect with lower friction. Fig.
5(b) shows the effect of mass ratio of the GO-Al2O3 lubricants on the resultant WMW. The smallest WMW
is observed with the lubricant of GO:Al2O3 of 1:3, with the reductions being 34.9%, 32.7%, and 8.9% in
comparison with baseline water and the pure Al2O3 and GO solutions, respectively, indicating its excellent
anti-wear performance.
Wear characteristics of the stainless steel blocks after tribological testing were analyzed by SEM. It is seen
in Fig. 6(a) that with the baseline water as a lubricant, deep and wide furrows exists on the worn surface,
suggesting severe abrasive wear. When the pure Al2O3 suspension was used, the worn surface shows a
smaller sign of abrasive wear in the sliding direction compared with the baseline water, as shown in Fig.
6(b), confirming the improved anti-wear capacity. With the pure GO solution, the worn surface shown in
Fig. 6(c) has relatively deep scratches with some wide furrows in the contact area, suggesting that the antiwear capability of GO nanosheets was not better than that of Al2O3 nanoparticles. The worn surface
produced using the 1:3 GO-Al2O3 lubricant shown in Fig. 6(d) appears smoother than those produced using
the baseline water and the pure Al2O3 and GO solutions. Al elements could be detected on the worn steel
surface, as shown from the Al EDS mapping in Fig. 6(d). The existence of Al elements on the worn surface
suggests that an Al2O3 tribo-film might be formed on the interface, which is expected to separate the block
and ring from direct contact, relieve the rubbing between their contact surfaces and thus decrease the wear.
With the 1:1 GO-Al2O3 lubricant, the worn surface shown in Fig. 6(e) appears smooth with very shallow
scratches, demonstrating its effective lubrication effect. Fig. 6(f) shows the worn surface using the 3:1 GOAl2O3 lubricant, where few wide and deep furrows demonstrated the signs of light abrasive wear.
Apparently, the increase in GO amount in the GO-Al2O3 lubricants didn’t stop the abrasive wear. Excessive
GO amount might even cause the coagulation of nanoparticles in water owing to their agglomerating and
restacking tendency. Also, the increase of mass ratio to 3:1 might result in the non-uniform distribution of
6

GO nanosheets on the rubbing interface, consequently decreased the anti-wear capability.
The tribological testing results and worn surface analysis showed that the lubricants with GO-Al2O3
additives could achieve a synergistic friction-reduction and anti-wear effect, and the mass ratio of the
additives would affect the worn mode in the rubbing area. Taking both lubrication performance and surface
quality into account, the GO to Al2O3 mass ratio of 1:1 at the concentration of 0.12 wt.% was selected in
the further tests.
3.4. Effect of testing conditions on anti-friction
Fig. 7(a) shows the effect of normal load on the COF using 0.12 wt.% 1:1 GO-Al2O3 lubricant. For
comparison, the lowest values of COF (horizontal lines) that achieved using the water and pure Al2O3 and
GO solutions are shown in Figs. 3 and 4 as benchmarks. The tests were performed under a fixed sliding
speed of 100 mm/s. It is seen that the increase in normal load results in a higher COF. Nevertheless, all the
COF values of the GO-Al2O3 lubricant are much smaller than those achieved using the baseline water and
the pure Al2O3 and GO solutions. The increased COF with the higher load might be attributed to the fact
that at higher load smaller micro-intervals were produced on the rubbing interface [7], which made it
difficult for the GO-Al2O3 lubricant to adequately enter the interface. Fig. 7(b) shows the effect of sliding
speed on the COF for a constant normal load of 20 N being used. Again, all the COFs obtained using the
GO-Al2O3 lubricant are smaller than those of the pure Al2O3 and GO solutions, which indicated that the
lubrication performance with GO-Al2O3 additives was considerably improved. It is also seen that the COF
increases gradually with the higher sliding speed. The increased speed might somewhat damage the tribofilm established between the block and the ring [35], which thus reduced the synergistic effect and increased
the friction.
3.5. Effect of testing conditions on anti-wear
Fig. 8(a) shows the effect of normal load on the WMW using the GO-Al2O3 lubricant. Again, the smallest
WMWs obtained from using water and pure Al2O3 and GO solutions (represented by the horizontal lines)
are shown in Figs. 3 and 4 as benchmarks. It is seen that the increase in normal load results in a higher
WMW. However, all the WMW values from the GO-Al2O3 lubricant are significantly smaller than those
obtained from using the baseline water, demonstrating that the addition of GO-Al2O3 effectively improved
the wear-resistance behaviour. The increased load would make it difficult for the GO-Al2O3 lubricant to
effectively enter the rubbing interface, leading to the aggregation of GO-Al2O3 additives at the entrance of
7

the interface [35]. This consequently resulted in the increase in WMW. Fig. 8(b) shows the effect of sliding
speed on the WMW. The increase in sliding speed led to larger wear mark, as expected. For all the sliding
speeds used, the wear mark produced with the GO-Al2O3 lubricant is much smaller than those of the pure
water and Al2O3 suspension, but slightly larger than that of the pure GO solution. The larger WMW with
the GO-Al2O3 lubricant might be attributed to the polishing effect resulted from the Al2O3 nanoparticles
added during the sliding, which increased the rate of material removal on the contact, thus leading to larger
wear mark with lower friction.
3.6. Effect of testing conditions on surface quality
Fig. 9(a) shows the effect of normal load on the roughness of worn surfaces when using the GO-Al2O3
lubricant. Again, the lowest values of surface roughness (horizontal lines) that were achieved using water
and pure Al2O3 and GO solutions are shown in Figs. 3 and 4 as benchmarks too. The roughness decreases
gradually with the increased load. It can also be seen that the roughness values of all the worn surfaces with
the GO-Al2O3 lubricant are lower than those achieved with the baseline water and the pure Al2O3 and GO
solutions for all the normal loads being tested. This addition of GO-Al2O3 nanoparticles into water was
expected to relieve the abrasive wear between the contact surfaces, which thus improved the surface finish
of the block surface. Fig. 9(b) shows the effect of sliding speed on the surface roughness. The GO-Al2O3
lubricant produces the lowest surface roughness for all sliding speed being employed, and the faster sliding
speed leads to a better surface finish. The increased speed might enhance the rubbing effect between the
surfaces of block and ring, thus improving their surface finish.
3.7. Worn surface analysis
Fig. 10 shows the SEM images of the worn surfaces lubricated with water, pure GO and Al2O3 solutions,
and the GO-Al2O3 lubricant. The corresponding Raman spectra of the worn surfaces are also shown in this
figure. Fig. 10(a) shows the worn surface when using water as a lubricant, where deep and wide furrows
exist with some pits. The Raman spectrum obtained from the location of the shallow scratches exhibits no
peaks in the range from 300 to 2100 cm-1, while the spectrum from the deep scratches presents peaks at
699, 1360 and 1580 cm-1, as seen in Fig. 10(b). The two peaks at 1580 cm-1 and 1360 cm-1 should be
attributed to the existence of Fe2O3 on the surface [36], and the peak at 688 cm-1 belongs to Fe3O4 [37].
This suggests that a localised layer of Fe2O3 and Fe3O4 might be formed on the deep scratches during the
sliding. The localised oxide layer could delaminate from the iron substrate and the resultant debris then
acted as abrasives that would increase the wear and friction during further sliding [23].
8

Fig. 10(c) shows the worn surface when using the Al2O3 suspension as a lubricant. The surface appears
smoother than that obtained from using the baseline water shown in Fig. 10(a), suggesting that it
experienced less abrasive wear. Fig. 10(d) shows the corresponding Raman spectrum obtained from both
the deep and shallow scratches of the worn surface, together with the Raman spectrum of the Al2O3
nanoparticles. It is seen that the typical peaks of α-Al2O3 in the range from 300 to 900 cm-1 [38] cannot be
found, suggesting no trace of Al2O3 residue on the worn surface. Nevertheless, the peaks of the Fe2O3 and
Fe3O4 appear again on the spectrum of deep scratches.
Fig. 10(e) shows the worn surface produced by the GO solution, which has some relatively deep and wide
scratches. The Raman spectra of the deep scratches shown in Fig. 10(f) detected both the graphite (G) at
1615 cm-1 and diamondiod (D) bands at 1345 cm-1 of GO [28], but no iron oxide peaks exist in the spectrum.
These indicate that GO nanosheets were present on the worn surface, which might be formed a lubricating
film at the rubbing interface [34]. It is also found from the Raman spectra that the intensity ratio of D to G
bands (ID/IG) is 1.080 for the deep scratches, showing an increase in comparison to that of 0.896 for the
pristine GO. The increase in ID/IG should be attributed to the increased defects on the GO surface attached
to the deep scratches and the reduced size of the GO nanosheets, which was responsible for the low antiwear capacity [9].
The worn surface produced by the GO-Al2O3 lubricant is shown in Fig. 10(g), which appears relatively
smooth with shallow scratches, and few relatively deep scratches. The corresponding Raman spectra of
both shallow and deep scratches present obvious D and G bands, as shown in Fig. 10(h), indicating that a
GO tribo-film might be formed during sliding, which left residues on the worn surface. The ID/IG for the
deep scratches is 1.067, not much different from the ratio of 1.080 for the GO solution. The nano-Al2O3
particles anchored on the GO nanosheets strengthened the GO tribo-film and thus reduced the frictioninduced damage. Also in Fig. 10(h), the Al2O3 peaks are not found on the spectra of the worn surface,
indicating that the Al2O3 nanoparticles anchored on the GO nanosheets were easily rubbed away.
4. Discussion on lubrication mechanism
The results shown in the previous section clearly demonstrated that the overall tribological performance of
the GO-Al2O3 lubricant was superior to those of water and pure GO and Al2O3 suspensions. Such an
excellent performance was attributed to the synergistic lubrication effect of GO nanosheets and Al2O3
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nanoparticles suspended in water. Fig. 11 illustrates the lubrication mechanisms when using water, pure
GO and Al2O3 solutions, and GO-Al2O3 lubricants.
When water was used, incomplete localised tribo-oxide layers were formed on the rubbing interface at the
initial stage of sliding, as shown in Fig. 11(a). With the progress of sliding, the tribo-oxide layers could be
locally broken, resulting in severe asperity contact in localised region and hence significantly high wear
and friction. The addition of the debris from broken layers into the contact zone would further exaggerate
the sliding wear.
With the Al2O3 suspensions in lubrication, Al2O3 nanoparticles might form a tribo-layer during sliding,
which acted as a load bearer to protect the contact pair, as shown in Fig. 11(b). The tribo-layer could also
help carry wear debris away from the contact area, enhancing the anti-wear capacity. Localised tribo-oxide
layers were also formed on the furrow surfaces, which should somewhat protect the contact surface being
worn out. It should be noted that the Al2O3 tribo-layers were formed in specific areas to bear load and
reduce wear. However, the distribution of such Al2O3 tribo-layers would be heterogeneous, and the regional
agglomeration of Al2O3 nanoparticles in the contact zone could break the dynamic balance and hence
worsen the lubricity of the Al2O3 tribo-layer. Therefore, the performance of the Al2O3 tribo-layer was
considerably compromised.
Fig 11(c) shows the model to describe how GO nanosheets play a role in the lubrication with the GO
solution. During sliding GO sheets would stick onto the peaks and valleys of the contact, forming a GO
film. The GO film would significantly reduce the resistance to shear and thus lower the friction. However,
GO could be easily damaged under relatively high contact stress. The breaking of GO sheets would damage
the protection film and hence increase the friction and enhance the ploughing wear.
When GO nanosheets were added into an Al2O3 suspension, Al2O3 nanoparticles were uniformly and
sparsely distributed on the GO sheets through mixing, which in fact formed a composite film with Al2O3
as reinforced particles inside the GO sheets (see Fig. 2(c)). This not only prevented the agglomeration of
Al2O3 nanoparticles in the suspension, but made the restacking of GO nanosheets difficult. The GO sheets
thus carried Al2O3 nanoparticles into the contact interface to form a lubrication film that consists of a GO
layer and an Al2O3 tribo-layer, as shown in Fig 11(d). During sliding, the composite film covered the
rubbing interface, which provided low resistance to shear and helped Al2O3 nanoparticles dynamically
polish the asperities and carried wear debris away. As Al2O3 nanoparticles anchored onto GO nanosheets,
10

the composite film was strengthened and became much tougher than pure GO film, or it could carry much
higher load than the pure GO film. Without agglomeration, Al2O3 nanoparticles could also play a more
effective third-body role in the contact to reduce friction. The synergistic effect of GO nanosheets and
Al2O3 nanoparticles on the friction during sliding thus resulted in significant improvement in tribological
performance and worn surface quality.
5. Conclusions
A water-based lubricant with GO nanosheets and Al2O3 nanoparticles as additives was successfully
developed. In GO-Al2O3 water suspensions, Al2O3 nanoparticles were found to be uniformly and sparsely
distributed on GO sheets, so agglomeration of Al2O3 nanoparticles and restacking of GO nanosheets that
usually occur in pure GO or Al2O3 suspension were significantly reduced. As a result, Al2O3 nanoparticles
could effectively enter the contact interface to form a composite protecting layer that consists of GO
nanosheets and Al2O3 nanoparticles. The GO nanosheets in the protecting layer provided low resistance to
shear and helped carry wear debris away from the contact zone, while Al2O3 particles acted as a load bearer,
which strengthened the GO sheets. The tribological testing showed that the GO-Al2O3 lubricants
considerably reduced the friction and wear and decreased the worn surface roughness, with the reductions
being 66%, 64%, and 47% in the friction, and 63%, 48%, and 47% improvement in the surface finish in
comparison with the baseline water and the pure Al2O3 and GO solutions, respectively.
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Fig. 1. (a) A front view of UMT-3 tribometer, (b) schematic of block-on-ring testing configuration, and (c)
water-based lubricants used in the tribological tests.

14

Fig. 2. TEM images of (a) GO nanosheets, (b) Al2O3 nanoparticles, and (c) GO-Al2O3 nanocomposites.
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Fig. 3. Effects of normal load on (a) coefficient of friction, (b) wear mark width, and (c) surface roughness of
worn surfaces using water, 0.06 wt.% Al2O3 and GO solutions, and 0.06-0.06 wt.% GO-Al2O3 lubricant.
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Fig. 4. Effects of sliding speed on (a) coefficient of friction, (b) wear mark width, and (c) surface roughness of
worn surfaces using water, 0.06 wt.% Al2O3 and GO solutions, and 0.06-0.06 wt.% GO-Al2O3 lubricant.
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Fig. 5. Effect of mass ratio of GO to Al2O3 on (a) coefficient of friction and (b) wear mark width of GO-Al2O3
water-based lubricants. For comparison, water and pure Al2O3 and GO solutions were used as benchmarks.
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Fig. 6. SEM images of worn mark surfaces lubricated with (a) water, (b) Al2O3 suspensions, (c) GO solutions,
(d)1:3 GO-Al2O3 lubricant, (e) 1:1 GO-Al2O3 lubricant, and (f) 3:1 GO-Al2O3 lubricant (load: 20 N; sliding
speed: 100 mm/s; testing distance: 12 m). The inserted in Fig. 6(d) is the Al EDS Kα1 mapping of the worn
surface.
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Fig. 7. Effects of (a) normal load and (b) sliding speed on coefficient of friction of 0.12 wt.% 1:1 GO-Al2O3
lubricant. The lowest values of COF (horizontal lines) that were achieved when using the water and pure Al2O3
and GO solutions are also shown in Figs. 3 and 4 as benchmarks.

21

Wear mark width (mm)

a 0.7

Water
GO

0.6

0.5

0.0

10

15

b 0.8
Wear mark width (mm)

Al2O3
GO-Al2O3

20
25
Normal load (N)

30

0.7

0.6

0.5
0.0

Water
GO
100

150

Al2O3
GO-Al2O3

200
250
300
Sliding speed (mm/s)

350

400

Fig. 8. Effects of (a) normal load and (b) sliding speed on wear mark width of 0.12 wt.% 1:1 GO-Al2O3
lubricant. The smallest values of WMW (horizontal lines) that were obtained when using the water and pure
Al2O3 and GO solutions are also shown in Figs. 3 and 4 as benchmarks.

22

a 320
Surface roughness (nm)

240
200
160
120
80
40
0

10

b 280
Surface roughness (nm)

Al2O3
GO-Al2O3

Water
GO

280

240

15

20
25
Normal load (N)
Water
Al2O3
GO
GO-Al2O3

30

200
160
120
80
40
0

100

150

200 250 300 350
Sliding speed (mm/s)

400

Fig. 9. Effects of (a) normal load and (b) sliding speed on surface roughness of worn surface using 0.12 wt.% 1:1
GO-Al2O3 lubricant. The lowest values of surface roughness (horizontal lines) that were achieved when using the
water and pure Al2O3 and GO solutions are also shown in Fig. 3 and 4 as benchmarks.
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Fig. 11. Schematic illustrations of the contact interfaces lubricated with (a) water, (b) Al2O3 suspensions, (c) GO
solutions, and (d) GO-Al2O3 lubricants.

25

